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Extensive sequencing of transcriptomes reveals the evolutionary relationships among the major flatworm
lineages, suggesting new roots and conflicting routes to parasitism.Linnaeus had little time for worms, pooling
them with other invertebrates into the
group ‘Vermes’. Beguilingly simple,
vermiform (worm-like) organisms include
some of the most important species
ecologically, evolutionarily, economically
and biomedically. On closer examination,
few vermiform creatures are truly simple,
and many have provided a rich source of
evolutionary novelties sparking major
radiations. The flatworms are particularly
notable (Figure 1). Dorsoventrally
flattened with no body cavity other than a
gut (acoelomate), flatworms have long
been considered simple in body plan and
suitable as a starting point in devising
other more complex animal forms. We
know that other ‘flat worms’ such as
acoels [1] and xenoturbellids [2] have
pivotal, but still controversial, roles in
disentangling the tree of life depending ontheir true position. Originally placed deep
at, or towards, the base of all bilaterally
symmetrical animals, these flattened
worms are now considered more closely
related to echinoderms and vertebrates.
True flatworms (phylum Platyhelminthes)
are nested securely, but not clearly
amongst the Lophotrochozoa [3], a major
grouping amongst the invertebrates. The
disparate positions of flatworms, acoels
and xenoturbellids on the metazoan tree
throws up some weird and wonderful
conundra, such as the origins and
evolution of the anus, the blastopore and
the mouth [4].
With 30,000 described species, and
many more likely to be discovered across
their global range, the Platyhelminthes
reflect a rich source of evolutionary
innovation [5]. Including a plethora of
active aquatic microscopic forms living onand between sand grains, planarians with
remarkable regenerative properties,
multicolored worms found on coral reefs,
the free-living forms are everywhere but
rarely obvious. Flatworms are most
numerous as parasites with simple or
complex life cycles, attaching themselves
on and in other animals. From blood-
dwelling flukes to gut-inhabiting
tapeworms, their success can be
measured in species number, diversity,
biomass or sheer wonderment as to how
they complete their life cycles.
Host-to-host transmission, behavioural
manipulation, fecundity and specificity for
host or even site of infection can each be
astounding. Flatworm parasitism is also
associated with diseases including
debilitating and lethal helminthiases
in humans (schistosomiasis,
echinococcosis, cysticercosis) and2015 Elsevier Ltd All rights reserved R457
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Figure 1. The diversity of Platyhelminthes.
Selected members of (A) Catenulida, (B) Macrostomorpha, (C) Polycladida, (D) Gnosonemisida (Lecithoepitheliata), (E) Proseriata, (F) Rhabdocoela,
(G) Prolecithophora, (H) Tricladida, (I) Fecampiida, (J) Bothrioplanida, (K) Monopisthocotylea (Monogenea), (L) Polyopisthocotylea (Monogenea), (M) Cestoda,
(N) Trematoda; not to scale (images courtesy of Janine Caira from [5]).
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Dispatcheslivestock (fascioliasis). Having colonised
almost every habitat, and, in the case of
their parasitic lineages, almost every
species of vertebrate, flatworms are truly
ubiquitous. Recently estimated to be as
old as 839million years [6], flatworms have
existedwell beforemost other living animal
phyla. But how did flatworms diversify
through time? Two new transcriptomic
studiesbyEggeret al. [7] inCurrentBiology
and by Laumer et al. [8] provide new
evidence and raise new questions.
Both studies provide complementary,
consensual and conflicting estimates of
platyhelminth relationships (Figure 2). The
analyses in both studies are based on
substantial multi-gene alignments;
1,348/516 genes, 107,000/132,299 amino
acids, respectively. Theaverageamountof
missing data differs (72%/48% complete),
and although taxon sampling is similar
numerically, there are some tantalising
differences between the studies. The new
studies have confirmed many inferences
provided by the early single or limited gene
studies. Both studies recover the widely
accepted split between Catenulida (a
small group of free-living freshwater
species) and Rhabditophora (all remaining
flatworms), a distinction marked by
morphology (e.g. body musculature [9])
and a change in the mitochondrial genetic
code amongst the Rhabditophora [10].
Transcriptomes also confirm the tiny
fragile Macrostomorpha as the earliest
diverging rhabditophoran lineage.
A major new and unforeseen result
concerns the order Bothrioplanida,
represented by just one species of
Bothrioplana [11]. Originally consideredR458 Current Biology 25, R448–R469, June 1close to the Proseriata [12], molecular
support using few genes has been
equivocal. Now securely positioned as the
sister group to the obligate parasites, the
Neodermata, transcriptomics heralds
Bothrioplana as an important landmark if
we are to better understand the departure
from a free-living existence to the
adoption of parasitism. From a
parasitologist’s point of view,
reconstructing an approximation of the
ancestral phenotype that gave rise to one
of themost successful and diverse groups
of parasites, is somewhat of a holy grail.
Few early hypotheses have been
supported by molecular data. Sperm
morphology suggested Fecampiida as the
neodermatan sister-group, but
parasitologists favouredother groups [13].
Each scenario was attractive because
both argued step-wise transitions from a
free-living to a parasitic way of life. One
group included hyperparasites of fish
copepods since revealed as derived
monogeneans. Fecampiida include a
disparate group of facultative and obligate
parasites of crustaceans, molluscs,
annelids and fish, but are embedded in the
Adiaphanida (Figure 2). So large and
diverse are the Adiaphanida that
suggesting unique affinities with the
obligate parasites, and the routes towards
parasitism seems impossible. Egger et al.
[7] attempt to uncover a unique shared
feature uniting Bothrioplana and
Neodermata but find only tentative
evidence from gut morphology. The lack
of exclusively shared morphological
characters is striking and frustrating, for
now at least, because taxonomists, 2015 ª2015 Elsevier Ltd All rights reservedgenerally do not like relying on molecular
data alone. Having been identified as a
putative sister to the parasites,
Bothrioplana will surely come under the
spotlight for additional neodermatan
affinities, but with only one species this
group may not be a rich vein for clues.
Meanwhile, conflict between the new
studies regarding the relationships of the
obligate parasites raises additional
questions. Crucially for their parasitic
life-style, obligate parasites replace their
ciliated juvenile epidermis (free-living
stage) with a secondary, unciliated,
syncytical epidermis (the ‘neodermis’),
designed to facilitate nutrient absorption
and immune system evasion [9,14].
Four major lineages need to be
considered: the Cestoda (tapeworms),
Trematoda (flukes) and the two lineages
of Monogenea (Monopisthocotylea and
Polyopisthocotylea). Monogenea have
simple direct life cycles and are generally
considered ectoparasites. They have
never been resolved as monophyletic in
molecular studies with the two major
lineages vying for earliest divergent status
amongst the Neodermata. Cestoda and
Trematoda both exhibit complex, indirect
life cycles using at least one intermediate
host before becoming sexually mature in
their vertebrate hosts.
The absence of transcriptomic data for
Polyopisthocotylea prevents a test for the
monophyly of Monogenea. Egger et al. [7]
clearly support a sister-group relationship
between Cestoda and Trematoda, a
result also obtained with microRNA [15]
and phylogenomic evidence [16]. With
Monogenea as possibly paraphyletic, this
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Figure 2. New insights into the evolution of Platyhelminthes.
Two independent studies using transcriptomic data yield novel insights into the evolutionary radiation of
flatworms with (A) Bothrioplana resolved as the closest living relative of obligate parasites, (B) Egger et al.
[7] confirming a common origin of complex life cycles, and (C) Laumer et al. [8] suggesting endoparasitism
evolved first. Combining these new data, and adding transcriptomes for a key group of Monogenea, may
provide a consensus.
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Dispatcheshas been argued as evidence that
endoparasitism and the origin of complex
life cycles was a singular and later
innovation during the radiation of parasitic
forms [17]. In the absence of a reliable
fossil record, molecular insights do not
reveal the full picture of the routes to
parasitism, but the studies [7,8] do show
that taxon sampling remains an important
consideration when only extant taxa are
available to consider; more is better and
diversity of sampling turns up some
surprises.
More surprises arise from the
non-monophyly of the Lecithoepitheliata,
which has important implications for
the reconstruction of one of the key
evolutionary transitions in flatworms: the
transition from endolecithality in the early
flatworm lineages to ectolecithality in the
derived lineages. Endolecithality is
characterized by yolk-containing
oocytes, a condition common throughout
the animals, whereas in ectolecithality,
yolkless oocytes are nourished by
external yolk cells. Although their pivotal
phylogenetic position between the
lineages with endolecithality and those
with the derived ectolecithal condition
implies an incremental transition to
ectolecithality, their non-monophyly
complicates the reconstruction of this
shift [8,17,18].Broader implications emerge from the
study of Egger et al. [7]. In terms of the
position of Platyhelminthes on the tree
of life, only the fastest-evolving quartile
of their data supported another
controversial assemblage, the Platyzoa
(Platyhelminthes plus two more obscure
phyla, the Gnathifera and Gastrotricha),
suggesting this grouping is artefactual,
arising from the use of fast evolving
genes. Instead, using a more
sophisticated model and only
slowly-evolving nucleotide changes
Egger et al. [7] recovered a sister-group
relationship between Platyhelminthes and
Gastrotricha, nesting within the
Lophotrochozoa [19]. They bravely
propose new names for new clade
combinations within the Platyhelminthes,
but only time will tell whether these names
are stable as sampling extends to other
missing lineages.
Major leaps are achieved in animal
phylogenetics when more data and more
taxa are brought to bear. Whilst the
choice of molecular data has opened up
with transcriptomics and genomics, the
choice of taxa is not always obvious.
Taxon choice requires a good
understanding of the literature, availability
of specimens and a fair amount of
serendipity. Next steps include combining
data sets, generating and incorporatingCurrent Biology 25, R448–R469, June 1, 2015 ªtranscriptomic data for additional
flatworms, including the
polyopisthocotylean monogeneans, and
taking amuch closer look atBothrioplana.REFERENCES
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Plasticity in plant form is achieved through differential elaboration of developmental pre-patterns during
postembryonic organ development. A new report links the output of the root clock, an oscillatory
transcriptional pre-patterning mechanism, with cell-type-specific production of the plant hormone auxin,
and identifies a downstream component required for elaboration of the pre-pattern.Thebranchedarchitecture of a plant’s root
system is fundamental to its function in
supporting plant productivity throughboth
anchorage and uptake of nutrients and
water. Lateral roots (LRs) are formed
continuously during postembryonic plant
development (Figure 1A), allowing for
remarkable architectural plasticity in
response to variable subterranean
conditions. Along the root’s longitudinal
axis, LR formation is a sequential process
that beginswith establishment of a LRpre-
pattern in which sites competent for LR
formation are established by a periodic
oscillation in geneexpression in a region of
the root termed the oscillation zone
(Figure 1A) [1]. Although expression of
many genes is reported to oscillate,
periodic expression of a synthetic
promoter element, DR5 (DIRECT
REPEAT5), is most commonly assayed.
DR5 promoter activity is commonly used
as a proxy for auxin levels as it typically
reports the transcriptional response auxin.
However, changes in auxin levelswere not
found to be sufficient to account for the
oscillatory gene expression or the
subsequent formation of prebranch sites(sitescompetent for LR formation) [1].With
established roles in other phases of LR
primordia development, a possible role for
auxin in LR pre-patterning is alluring.
Prebranch sites are thought to progress
developmentally through founder cell
specification and activation in the
pericycle cell layer (Figure 1C), with
subsequent initiation and development of
LR primordia [2]. Until primordia
emergence, LR formation is hidden within
the cell layers of another root. After
several rounds of cell division,
observation of primordia is relatively
straightforward using microscopy;
however, the earliest phases of LR
formation are largely invisible. Prior to
the migration of nuclei that immediately
precedes initiation, distinguishing
prebranch sites and LR founder cells from
neighboring cells by morphology is
impossible. Characterization of these
early phases is complicated by the interior
location of the cell type(s) involved and the
scarcity of molecular reporters that
provide sufficient spatiotemporal
resolution. Now, a new study by Xuan
et al., reported recently in Current Biology[3], investigates the influence of the plant
hormone auxin on the earliest, ‘invisible’
phases of LR formation. This study links
synthesis of the plant hormone auxin
specifically in root cap cells with output of
the LR clock and demonstrates that a
membrane-associated protein kinase
regulator, MAKR4, is necessary for the
developmental progression of prebranch
sites to LR primordia.
To explore a role for auxin in LR
pre-patterning the authors began by
examining the oscillation of DR5:
Luciferase and the numbers of prebranch
sites, LR primordia and LRs in select auxin
signaling and biosynthesis mutants [3].
The perception of auxin occurs through
four related F-box protein family members
[4], two of which showed expression in the
oscillation zone. Examination of a double
mutant in these two auxin receptors
showed decreased prebranch site,
primordia and LR numbers. Additionally,
while the frequency of the oscillation in
DR5 expression was unperturbed, the
amplitude of the oscillation was
diminished. Following disruption of auxin
biosynthesis in roots with mutations in
